Purpose The aim of this study is to investigate the short-term influence of a period of dynamic exercise on axial length (AXL) and intraocular pressure (IOP) in young adult subjects.
Introduction
Axial length (AXL) is an important biometric determinant of the refractive state of an eye. For an eye to remain emmetropic, a precise matching of the AXL of an eye to its refractive power must occur. The development of precise optical techniques for the measurement of AXL has shown that a range of different physiological factors can lead to short-term changes in this biometric parameter. Changes in accommodation, [1] [2] [3] imposed defocus, 4 alterations in IOP 5, 6 and water loading 7 have all been found to be associated with short term changes in human AXL. Significant diurnal variations in AXL have also been documented. [8] [9] [10] The exact cause underlying these diurnal variations has not been determined, although changes in choroidal thickness (ChT) 11 and IOP 10 have been implicated.
Performing physical activity (ie, dynamic exercise) has been demonstrated to lead to changes in a range of ocular parameters. The influence of exercise on IOP has been well studied, with the majority of studies finding periods of dynamic exercise to be associated with reductions in IOP. [12] [13] [14] [15] [16] The magnitude of reduction in IOP has been found to be related to the intensity of exercise. 13, 15 Dynamic exercise has also been reported to lead to changes in ocular blood flow. Price et al 17 and Lovasik and Kergoat 18 reported increases in pulsatile ocular blood flow in subjects following a short period of dynamic exercise. Similarly, Lovasik et al 19 and Okuno et al 20 reported small increases in choroidal blood flow with dynamic exercise. These changes in choroidal blood flow have been found to be substantially smaller than the concomitant increases in ocular perfusion pressure (OPP) that accompanied the exercise, suggesting a degree of regulation of ocular blood flow in response to increased perfusion pressure. 19 Changes in retinal blood flow with dynamic exercise have also been studied, with reported changes typically being of small magnitude, suggesting a stronger auto-regulatory capacity in the retinal vasculature. 20, 21 Physical activity has also been found to cause changes in other ocular parameters such as tonic accommodation, 22 pupil size, 23 anterior chamber angle 24 and retinal activity; 25 however, the influence of exercise on ocular biometrics such as AXL is not known. Given that exercise is known to alter IOP, and that changes in IOP have been found to be associated with variations in AXL, we were interested to investigate the influence of a period of dynamic exercise on AXL (and a range of other ocular biometrics) and IOP in a population of young adult subjects.
Subjects and methods
In all, 20 young adult subjects (mean age 25±4 years) participated in this study. A total of 12 of the 20 subjects were male. The subjects were from a range of ethnic backgrounds with 13 being of Caucasian, 5 of Indian and 2 of East Asian ethnic origin. All subjects reported normal ocular health (with no history of ocular disease, injury or surgery), and no history of any systemic health problems or cardiovascular disease. As previous studies 26 have indicated that choroidal blood flow regulation may be altered in chronic smokers, no regular cigarette smokers were included in the study. All subjects were recruited from the staff and students of our university, and all gave written informed consent to participate. Approval from the university human research ethics committee was obtained before the commencement of the study. We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research.
All subjects underwent an ophthalmic examination before their participation in the study to determine their refractive status and confirm normal ocular health. Following this examination, subjects were classified on the basis of their subjective spherical equivalent refraction (SER) as being either myopic (SER XÀ1.00 D, n ¼ 10) or emmetropic (SER from þ 0.50 to À0.50 D, n ¼ 10). The mean SER of the myopes was À2.53 ± 1.43 D and the emmetropes was À0.03 ± 0.26 D. No subject exhibited cylindrical refraction of 41.00 DC or anisometropia of 41.00 DS. All subjects exhibited bestcorrected visual acuity of logMAR 0.00 or better. The myopic and emmetropic populations of subjects were evenly matched for gender (both populations consisted of 60% male subjects), age (mean age of 23 ± 3 years and 26 ± 4 years for the myopes and emmetropes, respectively) and ethnicity (myopes consisted of seven Caucasian, two Indian and one East Asian, and emmetropes six Caucasian, three Indian and one East Asian subject).
Following this preliminary examination, the influence of a period of moderate intensity dynamic exercise on ocular biometrics and IOP was investigated. As both IOP and AXL are known to vary diurnally, 10 all measures were carried out between 1300 and 1600 hours to ensure diurnal variations did not confound the results. Subjects were also instructed to refrain from ingesting food or liquid in the 30 min before the experiment, as water loading has previously been found to influence AXL and IOP. 7 All ocular measures were conducted on the right eye.
Ocular biometric measures were collected using the Lenstar LS 900 optical biometer (Haag Streit AG, Koeniz, Switzerland), an instrument based on the principle of optical low coherence reflectometry, that has previously been shown to be highly precise and accurate. 27 Measurements were collected according to manufacturer specifications with five repeated measures collected from each subject at each measurement session. IOP was measured with the dynamic contour tonometer (DCT, Ziemer Ophthalmic Systems, Port, Switzerland), a contact tonometer based on the principle of contour matching. 28 This instrument has been found to provide reliable measures of IOP that correlate closely with measures from the Goldmann applanation tonometer 29 along with reliable measures of ocular pulse amplitude (OPA, the difference between the diastolic and systolic IOP). 30 Three valid measures with the DCT (ie, those exhibiting a quality score of 1-3) were collected for each subject at each measurement session following the instillation of a drop of local anesthetic (0.4% oxybuprocaine hydrochloride). Brachial arterial blood pressure (BP) was also measured before and after exercise using an electronic sphygmomanometer. This instrument also provided a measurement of pulse rate. In addition, pulse rate was also monitored before and during the exercise task using a wireless chest strap electronic heart rate monitor. The pulse rate derived from these two instruments was found to correlate closely (r 2 ¼ 0.72). Baseline measurements of ocular biometrics, IOP, BP and pulse rate were collected following a 20-min rest period, in which subjects were seated viewing a television at a distance of 6 m. Each subject then performed a 10-min period of low impact, moderate intensity exercise (riding a bicycle ergometer) while they continued to maintain distance viewing. To standardize the intensity of the exercise between subjects, heart rate was monitored throughout the exercise task and subjects were instructed to cycle to an intensity in order to maintain their heart rate in a target range between 50 and 70% of their 'heart rate reserve' above their resting heart rate. Heart rate reserve was defined as maximum heart rateÀresting heart rate, 31 with the resting heart rate derived from the pulse readings after the 20 min of rest and the maximum heart rate defined as 208À(0.7 Â age). 32 Immediately following exercise, ocular biometrics, IOP and BP were measured. Measurements were then repeated at 5 min and then 10 min after completion of the exercise task. All measurements were collected with subjects seated, and the order of measurement at each session was standardized with ocular biometrics measured first followed by IOP and BP measures. During the rest and exercise periods, all subjects wore their habitual distance spherocylindrical spectacle correction.
Data analysis
Following data collection, the IOP, OPA and ocular biometric measures from each subject were averaged. The biometric measures automatically derived from the Lenstar instrument include central corneal thickness (CCT, distance anterior to posterior cornea), anterior chamber depth (ACD, distance from posterior cornea to anterior lens), lens thickness (LT, distance from anterior to posterior lens) and AXL (distance from anterior cornea to retinal pigment epithelium). It has previously been shown that additional manual analysis of the Lenstar A-scan data originating from the posterior eye can provide measurements of retinal thickness (RT, the distance from the inner limiting membrane to the retinal pigment epithelium) and ChT (the distance from the retinal pigment epithelium to posterior choroid). 4, 7 This manual analysis in this study was performed by two independent masked observers. The estimates of ChT and RT from the two observers correlated closely (r 2 ¼ 0.94 and 0.99 for ChT and RT, respectively). The systemic BP readings were also analyzed to calculate the mean arterial BP (MAP; MAP ¼ diastolic BP þ (1/3 (systolic BPÀdiastolic BP)), which was subsequently used to calculate the mean OPP for each subject at each measurement session (OPP ¼ 2/3 MAP-IOP). 33 To investigate the influence of exercise on each of the measured variables, a repeated measures analysis of variance (ANOVA) was carried out with one withinsubjects factor (time of measurement) and one betweensubjects factor (refractive error group). An analysis of covariance (ANCOVA) 34 was also carried out to investigate any association between AXL and the other measured variables.
Results
In this population of young adult subjects, 10 min of dynamic exercise was found to lead to significant changes in AXL, IOP and OPA. Repeated measures ANOVA revealed significant reductions in both IOP and OPA following exercise (Po0.0001; Figure 1 ). The mean IOP at baseline was 16.52 ± 2.21 mm Hg, which reduced on average by À1.71±1.24 mm Hg immediately after exercise, À1.26±1.19 mm Hg at 5 min and À0.56±1.03 mm Hg at 10 min after exercise. Bonferroni corrected pair-wise comparisons revealed the changes in IOP were significantly different to baseline immediately after and 5 min after exercise (Po0.01); however, at 10 min after exercise IOP was not significantly different to baseline (P ¼ 0.16). At baseline the mean OPA was 2.33±0.74 mm Hg, and this reduced on average by À0.86±0.51 mm Hg, À0.83±0.47 mm Hg and À0.71±0.41 mm Hg immediately after, and 5 and 10 min after exercise, respectively. The changes in OPA were significantly different to baseline (Po0.0001) at all post-exercise measures. The IOP and OPA data exhibited no significant between-subjects effect of refractive error or any significant time by refractive error interaction, indicating similar mean levels and pattern of change between the myopic and emmetropic subjects.
The mean ocular biometric measures and their changes following exercise are displayed in Table 1 . AXL exhibited a significant reduction following exercise (Po0.0001; Figure 2 ). Pair-wise comparisons revealed the decrease in AXL immediately after (mean change À17 ± 12 mm), and 5 min after exercise (mean change À7±8 mm) were significantly different to baseline (Po0.01), but 10 min after the exercise task, AXL had returned to baseline (mean change À3±9 mm). A significant between-subjects effect of refractive error (Po0.001) was found, indicative of longer AXL in the myopes (mean AXL at baseline was 24.84±0.71 and 23.63±0.61 mm in the myopes and emmetropes, respectively). Although the reduction in AXL immediately following exercise was of slightly greater magnitude in the myopes (mean change À19 ± 14 mm) compared with the emmetropes (mean change À15 ± 12 mm), the difference in AXL changes between the refractive error groups following exercise was not significant (P40.05).
The mean ChT at baseline was 275±62 mm. On average, there was a small increase in ChT observed after exercise with the largest increase (8 ± 11 mm) observed at the immediate post-exercise measurement. However, the changes in ChT following exercise just failed to reach statistical significance (P ¼ 0.1). Changes in RT following exercise were also not statistically significant (P ¼ 0.1) with the average magnitude of change being small (B1-2 mm). Neither ChT nor RT exhibited a significant between-subjects effect of refraction, or time by refractive error interaction. Figure 3 illustrates the change in anterior eye biometrics following exercise. There were no significant changes in CCT following exercise (P ¼ 0.33). ACD exhibited a significant increase following exercise (P ¼ 0.01). Pair-wise comparisons revealed that only the increase in ACD at the 10 min post-exercise measurement was significantly different to baseline (mean increase of 20±29 mm, P ¼ 0.04). Although LT exhibited similar magnitude but opposite direction of change at 10 min after exercise (ie, a decrease in LT of À21 ± 35 mm), the changes in LT were not statistically significant (P ¼ 0.2). ACD and LT both exhibited a significant betweensubjects effect of refractive error (Po0.05), indicating that on average the myopic subjects exhibited slightly deeper anterior chambers (mean ACD at baseline was 3.34 ± 0.32 mm in the myopes and 3.00 ± 0.30 mm in the emmetropes) and slightly thinner crystalline lenses (mean LT at baseline was 3.40 ± 0.27 mm in the myopes and 3.70 ± 0.24 mm in the emmetropes). Neither parameter exhibited a significant time by refractive error interaction. Analysis of systemic hemodynamic parameters revealed a significant increase in mean arterial pressure (MAP) following exercise (Po0.001). The largest mean increase of 5.4 ± 5.0 mm Hg in MAP was noted at the first post-exercise measurement. The changes in BP coupled with the reduction in IOP lead to significant increases in OPP following exercise (Po0.0001). The largest increase in OPP of 5.3±3.6 mm Hg was found at the first post-exercise measurement with increases of 3.0±3.6 and 2.6 ± 3.6 mm Hg found at 5 and 10 min after exercise, respectively. The mean resting pulse rate was 72 ± 10 BPM, which increased on average by a magnitude of 66 ± 6 BPM during exercise. At the first post-exercise measurement, an increase in pulse rate of 21 ± 11 BPM was found with increases of 16±10 and 15±8 BPM found at the 5 and 10 min post-exercise measures, respectively. There were no significant between-subjects effects of refractive error or refractive error by time interactions for any of the measured systemic hemodynamic parameters (P40.05).
ANCOVA revealed that the change in AXL had a significant positive association with the change in IOP (r 2 ¼ 0.36, Po0.0001) and OPA (r 2 ¼ 0.22, Po0.01), and a significant negative association with the change in pulse rate (r 2 ¼ 0.31, Po0.0001). In addition, the change in OPA had a significant positive association with the change in IOP (r 2 ¼ 0.50, Po0.0001) and a significant negative association with the MAP (r 2 ¼ 0.18, Po0.01) and pulse rate (r 2 ¼ 0.61, Po0.0001).
Discussion
This study demonstrates in a population of young adult subjects that a period of dynamic exercise leads to significant changes in ocular parameters including IOP, OPA and AXL. Although a number of previous studies have noted changes in a range of ocular measures following dynamic exercise, including IOP, 12-16 OPA 17, 18 and choroidal blood flow; 19, 20 this is the first study to demonstrate that AXL also changes following exercise. The short-term changes in AXL are small and unlikely to be of clinical significance, however, they demonstrate that the physiological changes occurring as a consequence of a short period of dynamic exercise, lead to transient changes in ocular biometrics.
Although the exact mechanism underlying the changes in AXL following exercise is not known, a significant association was found between the changes in AXL and IOP. It is therefore possible that the reductions observed in IOP may have contributed to the exercise induced AXL changes. Previous studies in humans have shown that reductions in IOP (either mechanically or pharmacologically induced) are associated with short-term decreases in AXL, suggesting a mechanical contraction/expansion of the globe with changes in IOP. 5, 6 Our findings of a reduction in AXL accompanying the reduced IOP following a short period of dynamic exercise are consistent with these previous findings.
Dynamic exercise has also previously been found to lead to small increases in ocular blood flow. [17] [18] [19] [20] Lovasik et al 19 reported a significant increase of choroidal blood flow of 5-6% during a period of dynamic exercise. Although choroidal blood flow was not measured in this study, a small magnitude increase in this parameter would be expected to lead to expansion of the choroid, and an accompanying reduction in AXL. We found a significant reduction in AXL and observed a trend for a small increase in ChT (mean change of B3%) following exercise, however, the changes in ChT did not reach statistical significance. Further research using a technique capable of more precise determination of ChT is required to confirm whether significant changes in choroidal biometrics occur following exercise.
We also found significant changes in ACD occur after exercise, indicating a deepening of the anterior chamber following exercise. Although the observed decreases in LT were not statistically significant, they were of similar magnitude to the increases in the ACD, which suggests that these changes may be occurring because of the alterations in the accommodative tone after exercise, which could potentially reflect changes in the autonomic nervous system associated with dynamic exercise. 35 This is consistent with previous research that indicates a relationship between cardiovascular function, systemic autonomic tone and the ocular accommodation system. 36 Changes in aqueous fluid dynamics in the eye could also potentially be involved in the anterior chamber variations observed, particularly considering that previous studies have also found reductions in IOP to be accompanied by increases in ACD. 5 Our findings may have implications for longer-term refractive error development. A number of recent studies have noted a link between outdoor activities and refractive error development with the majority of these studies suggesting that greater amounts of time spent on outdoor activities are associated with reduced chances of developing myopia. [37] [38] [39] [40] [41] [42] Cross-sectional studies of children examining the relationship between refractive error and both subjective reporting of sports and outdoor activities 37, 42 and objectively measured physical activity levels 41 have noted a lower prevalence of myopia in children performing greater amounts of physical and outdoor activities. These associations seem to be independent of near work activities. 40, 42 Similarly, longitudinal studies of both children 38 and young adults 39 have found that subjects performing greater amounts of physical and outdoor activities were less likely to subsequently develop myopia. The exact mechanism underlying this apparent protective effect of outdoor activity is unclear, although it has been hypothesized that the biochemical effects of exercise 39, 42 or the high intensity of lighting experienced outdoors 40 may have an inhibitory effect on eye growth.
It has also been suggested that an imbalance of the autonomic nervous system (eg, a deficit in ocular sympathetic innervations to the accommodation system) may be a factor associated with myopia development. 43 The acute effects of exercise noted in this study and the known association between cardiovascular function and ocular accommodation 36 suggest that exercise induced changes in autonomic balance 44 could potentially influence ocular accommodation and could have implications for refractive error development. However, it should be noted that there is limited evidence to support a direct link between autonomic imbalance and refractive error. 45 Our findings tend to support the potential role of physical activity in the protective effects of outdoor activity in myopia development, particularly given that previous studies with experimental animals have shown that short term increases in choroidal blood flow 46 and ChT 47 are associated with an inhibition of myopic eye growth. However, it is also possible that other factors (such as light intensity) do also have a role. Recent evidence from animal studies supports the potential role of light intensity in the inhibition of myopic eye growth. 48 Although there is some evidence to suggest that exercise training may reduce resting levels of IOP, 49 ,50 the influence of physical fitness on refractive error development remains to be determined. However, our findings coupled with recent epidemiological research 41, 42 suggest this may be an area worthy of future research. It should also be noted that our exercise task was performed indoors under standard laboratory lighting conditions. Previous findings of increases in choroidal blood flow associated with higher ambient lighting levels 51, 52 suggest that the magnitude of exercise induced ocular change could be larger as a result of exercise performed outdoors in sunlight. Further research is required to clarify the relative importance of lighting and physical activity on both short-term and long-term ocular change and their association with refractive error development.
The decrease in IOP and OPA, that we have observed in our population of young adult subjects using the DCT instrument, largely confirm previous studies investigating the influence of dynamic exercise on IOP and OPA using a pneumotonometer. 17, 18 The reduction in OPA was found to be moderately associated with the changes in pulse rate after exercise, indicating that as the pulse rate increases, the OPA decreases. This implies that exercise induced increases in pulse rate are associated with a decrease in pulse volume (as the change in IOP with each pulse decreased as pulse rate increased), as has been previously documented. 18 
Conclusions
A short period of dynamic exercise leads to significant changes in a range of ocular parameters of young adult subjects. These findings illustrate that significant biometric changes occur in the human eye following exercise. The significant reduction in AXL may be related to exercise induced changes in IOP and blood flow, and may have implications for refractive error development in human subjects.
